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Abstract 
A sequential method is proposed to investigate the influence of material parameters identified at different scales (atomic, grains 
and phase) on fracture properties of tungsten carbide-cobalt (WC-Co) drill bit material used for hard rock drilling. The study 
includes four commercial WC-Co grades. The representative volume element (RVE) approach was used to account for
microstructural features such as volume fraction and distribution of the phases and average size of grain. Different RVEs 
representing the grades materials were generated and implemented in a FE model incorporating the anisotropic elastic response 
of the constitute grains. Brittle fracture is assumed in the phases and an energy based failure criterion using the work of 
separation for the WC/WC, WC/Co and Co/Co interfaces has been identified using the density functional theory (DFT). This 
criterion was implemented in the finite element model to determine fracture strength for the investigated grades. The elastic 
properties and fracture strength predicted by the model were discussed with respect to the influence of volume fraction of the 
phases and average grain size in the investigated WC-Co grades.    
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1. Introduction 
Drilling is often the main cost driver in energy industries like geothermal and oil and gas. Increased wear 
resistance and durability of the drilling tools material reduce significantly the drilling cost. In that matter, a 
fundamental understanding of fracture mechanism is needed to improve the wear resistant of drill tools material.  
 
The present work aims to set up a sequential approach involving parameters from macroscopic, crystallographic 
and atomic scales to study fracture mechanism of drill bit insert materials used for hard rock drilling. The present 
study includes four commercial dual phase tungsten carbide-cobalt (WC-Co) grades. The volume fraction of the Co 
phase and the average size of WC grains are given for the investigated grades in Table 1 (Kim et al, 2006). Crystal 
elasticity (CE) model is used with the finite element method (FEM) and the representative volume element (RVE) 
approach to explicitly incorporate the influences of grain size of the WC phase and volume fraction of the Co phase 
on fracture characteristics of WC-Co composite. Brittle fracture is assumed in the WC-Co composite and linear 
stress strain behavior is associated to the phases before failure. The distribution of the stored elastic energy in the 
RVE is computed by the finite element model and fracture is assumed to initiate when the associated energy exceeds 
a critical threshold representing the energy needed for creating two free surfaces in the material, i.e. a crack. The 
density functional theory (DFT) calculation is used to determinate the critical value for creating surface from 
WC/Co, WC/WC and Co/Co interfaces. The fracture strength is determined by the proposed approach and compared 
to fracture strength measured by Kim et al (2006) for the investigated grades. The predicted results are discussed 
with respect to the influences of WC grain size, volume fraction of the Co phase.   
Table 1. Volume fraction of Co and average size of WC grains for the investigated WC-Co grades.  
 Grade A Grade B Grade C Grade D 
Grain size of WC [μm] 5.28 1.65 1.41 1.40 
Volume fraction of Co [%] 0.114 0.115 0.178 0.308  
2.  Density functional theory (DFT) 
The density functional theory calculations were performed using the Vienna Ab initio simulation package 
(VASP) (Kresse and Hafner, 1993). The exchange-correlation contribution to the total energy was approximated 
within the generalized gradient approximation (GGA) formalism using the Predew-Burke-Ernzerhof (PBE) 
functional (Perdew et al, 1996). The energy cutoff was set to 500 eV, and the ion-electron was described using the 
projector-augmented wave (PAW) method (Bloch, 1994). The Brillouin zone was sampled by a ͸ ൈ ͸ ൈ ͳȞ 
centered grid.  
 
A likely coherent low-index and low-strain WC/Co interface model was constructed with the use of a computer 
program, by calculating the misfit of all possible interface models (with face direction indices less or equal 3) and 
selecting the one with lowest misfit. Experimental values of the lattice constant were used in constructing the 
interface model in order to predict an interface model with the least possible misfit between the WC and Co 
materials systems. The crystal structure of WC is hexagonal-close-packed (hcp) with space group ܲ͸݉ʹ and lattice 
parameters ܽ ൌ ʹǤͺͻͶ͸%  and ܿ ൌ ʹǤͺͷ͹͸%  (Page et al, 2008). Co undergoes a phase transition from hcp to face-
centered-cubic (fcc) at about 420qC (Nishizawa and Ishida, 1983). Co is therefore treated as fcc with space group 
ܨ݉͵݉ and lattice parameter ܽ ൌ ͵ǤͷͶͶ͸ (Nishizawa and Ishida, 1983). The face directions of the selected interface 
model are ሾʹͳതͲതሿௐ஼ צ  ሾͲͳͳതሿ஼௢  and ሾͳͳതͲሿௐ஼ צ  ሾͳͳͲሿ஼௢  with habit planes ሺͲͲͳതሻ୛େȁȁሺͳͳതͳതሻେ୭ . The misfit in 
each of the face directions is only 0.02%, where the Co lattice adopts the WC system. The WC/Co interface model 
consists of six WC layers and nine Co layers in a supercell periodically repeated in all directions with two different 
interfaces, one C-Co terminated and one W-Co terminated, as illustrated in Fig. 1. All atoms in the supercell are 
allowed to relax during structural optimization. Spin-polarized calculations are used for systems containing Co. 
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Fig. 1. a) The WC/Co interface model with habit planes ሺͲͲͲͳതሻWC || ሺͳͳതͳതሻCo, b) the C-Co and c) W-Co terminated interface. W and C are 
illustrated as grey and black spheres, respectively, whereas Co is in blue.  
3. Crystal elasticity - finite element model  
In order to explicitly incorporate the influences of grain size of the WC phase and volume fraction of the Co 
phase on fracture characteristics of WC-Co composite, different RVEs representing the investigated grades material 
were numerically generated and used in the FEM model to compute the distribution of stress and elastic energy at 
fracture. The size of the RVE (see Fig. 2) was chosen to contain a large number of grains while keeping an optimum 
computation time. Only WC phase was discretized into sets of elements representing the grains. The numbers of 
WC grains in the RVEs of grade A, B, C and E were 250, 1014, 1575 and 1575 respectively. The number of grain in 
grade A is lower than the number of grains in grade B, C and D. This number of grains was chosen to have the same 
order of RVE size in all grades. A refined mesh was considered to account for the gradient of stress and strain inside 
the phases with good accuracy. Solid cube elements with one integration point by element were used in the mesh. 
Since we do not have measured orientations of the texture in WC phase at our dispose, random orientations were 
numerically generated and associated to WC grains in each RVE. It should be mentioned here that the elastic 
properties and fracture strength of WC-Co composite can be affected by the texture as shown by Kim et al (2007). 
The authors illustrated by numerical simulations that the strength fracture can be increased between 2% and 13 % by 
texturing the sample. However, the investigated grades possessed no obvious texture (Kim et al, 2006) and the 
random texture can be used. 
 
The response of the WC phase and the Co phase is assumed to be elastic with linear stress strain relationship.  
The elastic response of the WC phase depends on the elastic properties and crystallographic orientations of the 
individual grains. The Cauchy stress in this phase is obtained using hyper-elasticity formulation with polar 
decomposition of the gradient of deformation ܨ௘ ൌ ܴǤ ܷ, where ܴ represent the initial orientation of the grain and ܷ 
is the right elastic stretch tensor. The elastic deformation of each grain is described by the generated Hooke's law: 
ߪ ൌ ܥߝ where ߪ and ߝ are vectors representing the normal and shear components of the stress tensor and strain 
tensor respectively, and ܥ is 6u6 symmetric tensor representing the stiffness for orthotropic material. For the WC 
grains, four elastic constants are needed to describe the stiffness matrix (Lee and Gilmore, 1982); ܥଵଵ ൌ ܥଶଶ ൌ
͹ʹͲܩܲܽ , ܥଵଶ ൌ ʹͶͷܩܲܽ , ܥଵଷ ൌ ܥଶଷ ൌ ʹ͸͹ܩܲܽ , ܥସସ ൌ ܥହହ ൌ ͵ʹͺܩܲܽ , ܿ଺଺ ൌ ሺܥଵଵ െ ܥଵଶሻȀʹ  where the 
remaining components of  ܥ are zero. The binder phase was treated as a homogenous and isotropic material. The 
bulk properties (Young’s modulus=211 GPa and Poisson’s ratio=0.31) are used to compute the stress in this phase.   
4. Fracture model 
A brittle fracture model (Kim et al, 2006) derived from Griffith-like fracture criterion is used in the FEM for the 
prediction of fracture strength. It assumes that an element cracks when the supplied stored energy of the element 
exceeds a critical threshold and is written: 
,
1 2
2
e
ij ij sep
i j
A W LV H§ · t '¨ ¸© ¹¦    (1) 
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The right-hand side is the elastic energy per unit length in which ߪ௜௝ and ߝ௜௝ are the components of stress and strain 
tensors, respectively with i, j = 1, 2 and 3 and ܣ is the element area. The left-hand side is the critical threshold 
representing the energy needed to separate a material interface into two free surfaces where ௦ܹ௘௣ is the work of 
separation and οܮ is the length of the element edge. The work of separation, ௦ܹ௘௣ ൌ െሺܧଵଶ െ ܧଵ െ ܧଶሻȀʹܣ, is 
calculated by DFT (see Section 2), where ܧଵଶ  is the total energy of the total interface system as illustrated for 
WC/Co in Fig. 1. ܧଵ and ܧଶ are the total energies of the individual slabs evaluated using the same cell and atomic 
positions and ʹܣ is the area of the two interfaces.  
 
It should be mentioned here that the interface WC/Co is represented in the finite element model by the WC element 
in contact with Co phase. This assumption may overestimate the elastic energy estimated by FEM for the WC/Co 
interface which should be computed with specific behavior accounting for Co response and WC response such as 
cohesive element.      
 
 
Fig. 2. Representative volume element of the investigated WC-Co grades. 
5. Results and Discussion 
Young Modulus of the investigated WC-Co grades were computed by the FEM and compared in Fig. 3a to 
Young modulus measured by Kim et al (2006). Young modulus predicated by the FEM for the investigated grades 
varied between 380 GPa and 448 GPa. The values measured by Kim et al (2006) for the investigated grades varied 
between 530 GPa and 683 GPa. The model underestimates Young Modulus. This may be related to the size of the 
RVE, the numerical process generating the random orientation or the elastic constant used in the model. A study on 
the sensitivity of the model to these parameters is in process to improve the quality of the results. However, the 
model predicts correctly the effect of volume fraction of the Co phase on Young modulus (see Fig. 3a) where the 
lowest value of Young modulus is associated to grade A and B having the lowest volume fraction of Co; and the 
Young modulus decreases with the cobalt content. The grains size of WC phase did not affect the values of Young 
modulus for the investigated grades where the same values of young modulus were associated to the Grade A and 
Grade B which is consistent with experimental observation (Chivavibul et al, 2007; Chermant and Osterstock 1976). 
 
Table 2 shows the work of separation computed by DFT calculation (section 2) for the Ȁ interface, and for 
the pure WC and Co systems (Ȁ and Ȁ interfaces).  Both W-Co and C-Co terminated interfaces are 
considered in the model and the resulting work of separation of the WC-Co system depends on two different 
terminated surfaces. Models with two W-Co terminated interfaces resulted in a lower value of work of separation 
(4.43 J/m2), whereas a C-Co interface gave a higher value (7.33 J/m2). These values are comparable to previously 
reported values obtained for WC/Co interface systems (Christensen and Wahnström, 2004).  
 
Table 2. Work of separation computed by DFT for the different interfaces. 
Interface ܹܥȀܥ݋ ܹܥȀܹܥ ܥ݋Ȁܥ݋ 
௦ܹ௘௣ሾܬȀ݉ଶሿ 6.35 11.82 4.29 
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The values of  ௦ܹ௘௣ presented in Table 2 were used to compute the critical energy per length unit (left-hand side 
of Eq. (1)) for the WC/Co, WC/WC and Co/Co interfaces. The fracture in the FEM is assumed to initiate when the 
elastic energy per unit length (right-hand side of Eq. (1)) in an element exceed the associated critical values. The 
distribution of the elastic energy density (energy per length unit) is presented in Fig. 4 at this moment of fracture 
initiation. For the different grades, the fracture was initiated in the elements on the WC/Co interface. This is 
consistent with microstructural observation on fracture initiation in dual phase material (Erdogan and Tekeli, 2002; 
Chermant and Osterstock, 1976). Gradient of elastic energy is observed in WC and Co phases where the maximum 
energy is found in the elements close to WC/Co interface. In Fig. 3b, the fracture strengths predicted by the FEM is 
compared to the measured values by Kim et al (2007). It should be mentioned here that the predicted values of 
fracture strength may be underestimated due to the underestimation of the elastic properties (see Fig. 3a). However, 
the model predicts the influence of WC grain size and volume faction of Co where the fracture strength decreases 
with the increased fraction of Co and WC grains size.  
  
Fig. 3. a) Young modulus and b) fracture strength predicted by the FE model compared to the values measured by Kim et al (2006). 
6. Conclusion 
Multi-scale approach coupling crystal elasticity model with DFT and finite element method was proposed to 
investigate the effect of microstructural features on fracture characteristic of WC-Co composite. The model implies 
linear stress strain behavior and brittle fracture in the phases, and uses an energy-based criterion to determine the 
fracture strength of the WC-Co composite. The distribution of the elastic stored energy in the phases was computed 
and fracture was assumed to initiate when the energy exceed the energy necessary to create free surface in the 
material (crack). Fracture parameters were identified at atomic scale using DFT calculation and the possibilities of 
initiating a crack in the different interfaces, i.e. WC/Co, Co/Co and WC/WC were examined in the FE model.  
 
The study includes four commercial WC-Co grades. Although the model underestimate the elastic properties of 
the WC-Co composite, the model predict correctly the effect of volume fraction of Co and WC grain size on Young 
modulus and fracture strength. The distribution of elastic energy in the phases was found to be dependent on the 
volume fracture of Co and WC-Co grain size. The fracture was found to be initiated from the WC-Co interface 
where the high stored energy is observed.    
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Fig. 4. The distribution of Elastic energy density in WC phase (left) and Co phase (right) at the predicted fracture strength of WC-Co composite 
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